tery narrowing and stiffening are key elements in the pathogenesis of essential hypertension, but their origin is not completely understood. In mesenteric resistance arteries (MRA) from spontaneously hypertensive rats (SHR), we have shown that inward remodeling is associated with abnormal elastic fiber organization, leading to smaller fenestrae in the internal elastic lamina. Our current aim is to determine whether this alteration is an early event that precedes vessel narrowing, or if elastic fiber reorganization in SHR arteries occurs because of the remodeling process itself. Using MRA from 10-day-old, 30-dayold, and 6-mo-old SHR and normotensive Wistar Kyoto rats, we investigated the time course of the development of structural and mechanical alterations (pressure myography), elastic fiber organization (confocal microscopy), and amount of elastin (radioimmunoassay for desmosine) and collagen (picrosirius red). SHR MRA had an impairment of fenestrae enlargement during the first month of life. In 30-day-old SHR, smaller fenestrae and more packed elastic fibers in the internal elastic lamina were paralleled by increased wall stiffness. Collagen and elastin levels were unaltered at this age. MRA from 6-mo-old SHR also had smaller fenestrae and a denser network of adventitial elastic fibers, accompanied by increased collagen content and vessel narrowing. At this age, elastase digestion was less effective in SHR MRA, suggesting a lower susceptibility of elastic fibers to enzymatic degradation. These data suggest that abnormal elastic fiber deposition in SHR increases resistance artery stiffness at an early age, which might participate in vessel narrowing later in life. elastic fibers; resistance arteries; internal elastic lamina; stiffness; spontaneously hypertensive rats SMALL ARTERY NARROWING AND stiffening are characteristic features of essential hypertension, usually termed hypertensive vascular remodeling (for reviews, Refs. 10, 37, 47). These alterations are important for the maintenance of hypertension, and they are known to contribute to the progression and cardiovascular morbidity and mortality associated with it (43). However, despite decades of study, the knowledge on the key determinants and time course development of vascular remodeling and increased vascular resistance in hypertension is still incomplete.
SMALL ARTERY NARROWING AND stiffening are characteristic features of essential hypertension, usually termed hypertensive vascular remodeling (for reviews, Refs. 10, 37, 47) . These alterations are important for the maintenance of hypertension, and they are known to contribute to the progression and cardiovascular morbidity and mortality associated with it (43) . However, despite decades of study, the knowledge on the key determinants and time course development of vascular remodeling and increased vascular resistance in hypertension is still incomplete.
The extracellular matrix (ECM) is critical in the remodeling of tissues after injury or in disease (27) . It is well established that elastin and collagen content is increased in hypertensive patients and in genetic or experimentally induced hypertension in animals (22, 23, 30, 42, 45) . ECM might also have abnormal organization in hypertension. Thus we have previously reported alterations in the distribution of elastic fibers in the internal elastic lamina (IEL) of large (6, 11, 48) and small arteries (7) in adult spontaneously hypertensive rats (SHR), a rat model of essential hypertension. In vessels from these rats, IEL has a quite different organization from normotensive controls, having a "tighter mesh" and smaller fenestrae. We have also shown that, despite the scarce content of elastic fibers in small arteries, their spatial organization and the size of the fenestrae seem to be key for the mechanical properties of these vessels (20) . The alteration in fenestrae size reported in SHR resistance arteries was also associated with vascular stiffening and narrowing (7) . In the past, ECM has been perceived as a passive element that changes following a vascular insult. It is, therefore, possible that the alteration in the spatial organization of elastic fibers is a consequence of the remodeling process itself. However, there is recent evidence that shifts away from this classical view and suggests that early alterations in elastic fibers, determined genetically or by environmental factors during development, might be critical for the development of vascular diseases (9, 12) . First, epidemiological studies provided a basis for the hypothesis that defective elastogenesis during fetal and early postnatal years may be an initiating event favoring the development of hypertension in adulthood (33, 34) . Second, studies in cells from patients with elastin gene defects and the murine models of these diseases (eln Ϫ/Ϫ ) have show that elastin is an early determinant of arterial morphogenesis (28, 31, 51) and that elastin haploinsufficiency is associated with abnormal artery structure and mechanics and with a hypertensive phenotype (18, 46) . In light of this new evidence regarding the early role of elastic fibers in arterial morphogenesis, we hypothesized that early abnormal elastic fiber deposition in vessels might participate in hypertensive vascular remodeling. To analyze this hypothesis, we have studied the time course changes in elastic fibers and collagen with vascular structure and mechanics from the first weeks of life, where elastogenesis is still active (13) , until adulthood. In this study, we employed mesenteric resistance arteries (MRA) from SHR and their normotensive controls, Wistar Kyoto rats (WKY).
MATERIALS AND METHODS
Male rats, 10 Ϯ 2 days, 30 Ϯ 2 days, and 6 mo old, were obtained from the colonies of WKY and SHR, derived from the Charles River strains, inbred at our Animal House facilities.
Systolic blood pressure (SBP) was measured in anesthetized rats (pentobarbital sodium, 50 mg/kg ip) with a cannula inserted in the iliac artery through a pressure transducer (Statham). Thereafter, the rats were killed by bleeding, and the mesenteric bed was removed. Structural and mechanical properties of MRA. Third-order branch MRA segments were mounted on a pressure myograph (Danish Myo-Tech, model P100, J. P. Trading I/S, Aarhus, Denmark), as previously described (7) . Briefly, after a 30-min equilibration period at 70 mmHg in gassed Krebs-Henseleit solution (KHS; in mM: 119 NaCl, 4.7 KCl, 2.5 CaCl 2, 24 NaHCO3, 1.18 KH2PO4, 1.2 MgSO4, 0.01 EDTA, and 5.5 glucose) at 37°C, a pressure-diameter curve (20 -120 mmHg) was obtained in calcium-free KHS (0 Ca 2ϩ ; 10 mM EGTA), and internal and external diameters were measured. From these measurements, structural and mechanical parameters were calculated as previously described (4, 7, 16) . Intrinsic wall stiffness was determined by the parameter ␤ (obtained from stress-strain relationship), which is directly proportional to Young's incremental elastic modulus and a measure of intrinsic stiffness independent of geometry (16) . After maximal relaxation with 0 Ca 2ϩ , the artery was pressure fixed at 70 mmHg with 4% paraformaldehyde, at 37°C for 60 min for confocal microscopy study.
The effect of digestion with elastase on vascular structure, mechanics, and organization of elastic fibers was studied in MRA segments from adult rats. Briefly, after an equilibration period, as described above, MRA segments were set to 10 mmHg, allowed to equilibrate for another 15 min in gassed KHS at 37°C, and then incubated for 55 min with elastase (0.065 mg/ml in KHS, porcine pancreatic elastase; Sigma). Measurements of internal diameter were taken every 5 min. Based on these time course experiments and our laboratory's previous work (7), a group of experiments was designed to test the effect of elastase for a short (15-min) incubation period, as follows. A first pressure-diameter curve was performed in 0 Ca 2ϩ . The segments were then set to 10 mmHg and equilibrated for 15 min in gassed KHS. Thereafter, they were incubated for 15 min with 0.065 mg/ml elastase, and, after 30-min washout period with 0 Ca 2ϩ , a second pressurediameter curve was obtained. All the segments were then pressurefixed for confocal microscopy study.
Elastic fiber organization in MRA. The organization of elastic fibers in the IEL and adventitia was studied in intact pressure-fixed MRA segments with fluorescent confocal microscopy (Leica TCS SP2, Germany) based on the autofluorescent properties of elastin (excitation 488 nm/emission 500 -560 nm) (52) . The autofluorescence observed at this wavelength was due to elastin as it survived hot alkali digestion (7) . Quantitative analysis was performed with MetaMorph Image analysis software (Universal Imaging), from confocal projec- Fig. 1 . Changes with age in fenestrae area and number and internal elastic lamina (IEL) thickness of mesenteric resistance arteries (MRAs) from WistarKyoto rats (WKY) and spontaneously hypertensive rats (SHR). All parameters were determined in intact pressure-fixed arterial segments with confocal microscopy and image analysis software. Number of animals ϭ 7-10 per strain and age. *P Ͻ 0.05 with respect to age-matched WKY;
ϩ P Ͻ 0.05 with respect to previous age of the same strain. tions of serial images of the IEL and adventitia, as previously described (7). In the projections of the IEL, the following parameters were measured: size and number of fenestrae and IEL thickness. In addition, we determined how densely packed were elastic fibers in the IEL. This was estimated in the confocal projections based on fluorescence intensity values, which are directly proportional to the concentration of elastin (5), and the relative area occupied by elastic fibers, excluding fenestrae. The relative area occupied by elastic fibers was measured in binary images obtained after thresholding the confocal projections. In the binary images, elastic fibers appear in white (value ϩ P Ͻ 0.05 compared with previous age point of the same strain. Di/D0, relative increase of internal diameter with pressure. Fig. 3 . Comparison of structural parameters in MRAs from WKY and SHR with age. Internal diameter, cross-sectional area (CSA), and wall-to-lumen ratio were determined in pressurized MRA segments from 10-and 30-day-old and 6-mo-old rats. No. of animals are in parentheses. *P Ͻ 0.05 with respect to age-matched WKY;
ϩ P Ͻ 0.05 with respect to previous age of the same strain.
1) and fenestrae in black (value 0) (7). Elastic fiber network in the adventitia was studied in projections of the external layers of the artery. These projections were thresholded, and binary images obtained. Then the relative area occupied by fibers vs. background was quantified, as described above. Determination of elastin content. Elastin content was assessed by radioimmunoassay for desmosine, an amino acid cross link found only in elastin (17) . Desmosine content was studied in third-order branches of MRA at all age points, except 10 days, at which the amount of tissue obtained was not sufficient. Briefly, paraformaldehyde-fixed vessels were hydrolyzed in 6 N HCl at 100°C for 24 h. The hydrolysates were evaporated to dryness, redissolved in 200 l water, vortexed, microfuged, and assayed for desmosine (50) and for total protein using a ninhydrin assay (49) .
Determination of collagen content. Collagen was determined with picrosirius red staining as described (26) . Color images were captured with a microscope (Nikon Eclipse TE 2000-S, ϫ40 objective) using a digital camera (Nikon DXM 1200F). Original images of MRA ring sections were transformed to gray-scale level. Thereafter, collagen content was estimated separately in the adventitia and medial layers by subtracting the background from the intensity values obtained in the medial or adventitial areas of each ring.
Statistical analysis. Results are expressed as means Ϯ SE, and n denotes the number of animals used in each experiment. The dependency of either vascular structure or mechanics on rat strain or age and intraluminal pressure was studied by a two-way ANOVA, followed by a Bonferroni correction for multiple comparisons. For specific two means comparisons, Student's t-test (paired or unpaired) was used.
RESULTS
Time course development of vascular remodeling, elastic fiber, and collagen alterations in MRA from SHR and WKY rats. At the age of 10 days, SHR showed similar SBP, compared with age-matched WKY rats (SHR ϭ 43.2 Ϯ 3.4 mmHg, n ϭ 9; WKY ϭ 36.4 Ϯ 2.0 mmHg, n ϭ 8). At this age, the amount of MRA obtained was not sufficient for quantification of elastin based on desmosine determination. However, IEL structure could be determined with confocal microscopy. This approach showed that elastic fibers were similarly packed in both strains. Thus fenestrae size and number, IEL thickness, and fluorescence intensity values were similar in WKY and SHR (Fig. 1, Table 1 ). Stress-strain relationship, and ␤ value (an indicator of intrinsic wall stiffness independent of geometry) were similar in SHR and WKY (Fig. 2) . Similarly, no structural differences in the wall of MRA were found at this age. Thus internal diameter, cross-sectional area (CSA), and wall-to-lumen ratio (Fig. 3) were also similar between strains. At the age of 30 days, SBP was still similar between strains (SHR ϭ 99 Ϯ 4.0 mmHg, n ϭ 14; WKY ϭ 89 Ϯ 4.7 mmHg, n ϭ 15). From the age of 10 -30 days, MRA from normotensive WKY had a significant enlargement of fenestrae area. However, in SHR vessels, fenestrae area did not increase during this 3-wk period. As a result, in 30-day-old SHR, the IEL was more "densely packed," with an increased relative area occupied by elastic fibers and, accordingly, a significantly smaller fenestrae size and a tendency toward larger fluorescence intensity values (P ϭ 0.061) compared with agematched WKY (Fig. 1, Table 1 ). In both strains, there was a parallel decrease in fenestrae number (Fig. 1B) and IEL thickness (Fig. 1C) with age: at the age of 30 days, there was no difference between WKY and SHR in these parameters or in total elastin (Table 1) or collagen (Fig. 4) contents. From the 10th to the 30th day of life, ␤ values decreased significantly in MRA from WKY, but did not change in arteries from SHR. Consequently, there was a significantly higher ␤ value and thus an increased intrinsic stiffness, in MRA from 30-day-old SHR compared with age-matched WKY (Fig. 2) . During this 3-wk period, both strains experienced an age-dependent increase in internal diameter and CSA, but not in wall-to-lumen ratio. By the age of 30 days, all structural parameters were still similar between WKY and SHR (Fig. 3) .
At the age of 6 mo, SBP was significantly elevated in SHR (SHR ϭ 183.4 Ϯ 10.4 mmHg, n ϭ 10; WKY ϭ 127.2 Ϯ 10 mmHg, n ϭ 8). From the 1st to the 6th mo of life, there was a further increase in fenestrae area and a decrease in fenestrae number in MRA from both strains (Fig. 1, A and B) with a negative correlation between both parameters in WKY (R ϭ 0.86) and in SHR (R ϭ 0.86). The percent enlargement of fenestrae during this 5-mo period was similar in both strains (WKY ϭ 60%, SHR ϭ 65%). Thus fenestrae size remained smaller in MRA from 6-mo-old SHR compared with agematched WKY (Fig. 1A) . IEL thickness further decreased during this 5-mo period in both WKY and SHR with no significant difference between strains (Fig. 1C) . Total elastin content was not modified from month 1 to month 6 of life in either WKY or SHR, and it was similar between strains (Table  1) . Collagen content increased during this 5-mo period in SHR, but not in WKY MRA, resulting in significantly larger content in vessels from adult SHR (Fig. 4) . From month 1 to month 6 of life, ␤ values further decreased in both strains and remained significantly higher in SHR (Fig. 2) . During this 5-mo period, arteries from both strains experienced an age-dependent increase in all structural parameters. At the age of 6 mo, SHR vessels showed the characteristic features of eutrophic inward remodeling, i.e., a reduced internal diameter, unchanged CSA, and an increased wall-to-lumen ratio (Fig. 3) .
Elastin degradation experiments in MRA from adult WKY and SHR. In MRA from 6-mo-old rats, elastase incubation for 55 min significantly increased internal diameter in both strains. The increase at each incubation time was greater in WKY than in SHR for the first 20 min; after that the curves were parallel (Fig. 5A) . Short (15 min) incubation with elastase induced an increase in internal diameter-pressure curves in both strains. In SHR, internal diameter remained significantly smaller compared with WKY (Fig. 5B) . Incubation for 15 min with elastase induced a marked shift to the left of the stress-strain relationship and a significant increase of ␤ in both strains. This effect was less marked in SHR arteries compared with WKY MRA (Fig. 5C ). Elastin digestion for 15 min significantly enlarged fenestrae size in the IEL of both strains. After digestion, SHR fenestrae remained significantly smaller compared with WKY (Fig. 6) . In the outer part of MRA, elastic fibers were distributed in a network, which was more densely organized in SHR vessels (Fig. 7, A and B) . After 15-min incubation with elastase, elastic fibers were still present in SHR arteries, while they were completely eliminated in WKY MRA (Fig. 7C) .
DISCUSSION
In our previous study (7) in resistance arteries from SHR, we observed an association between abnormal IEL organization due to smaller fenestrae and inward remodeling. We have now investigated the time course development of these alterations to determine whether the reduction in fenestrae size occurs because of vascular remodeling or precedes it. Our data suggest this second possibility and that, in SHR, changes in elastic fiber deposition during development and before the establishment of hypertension lead to abnormal, more densely packed IEL. This defect increases vessel stiffness at an early age, which might participate in the development of hypertensive inward remodeling in adulthood.
In the IEL, fenestrae enlarge along with artery development by fusion of neighboring fenestrae (52) . This was also demonstrated in our study by the negative correlation between fenestrae number and area in both strains during arterial growth. However, this normal enlargement of fenestrae was impaired in SHR vessels during the first weeks of postnatal life. Thus the time course study of collagen and elastic fibers showed that the first visible alteration of these ECM proteins in SHR MRA was a reduction of fenestrae size, leading to a more compact IEL by the first month of life. The present data also demonstrate that this alteration was paralleled by increased intrinsic wall stiffness. This was shown by the fact that the gradual reduction of wall stiffness with age (decrease in ␤ values) that occurs in WKY along with fenestrae growth was hampered in SHR vessels between the 10th and the 30th day, in parallel with the deficient fenestrae enlargement. However, the structural alterations (reduced vessel diameter, increased wall CSA, and wall-to-lumen ratio) develop later in life and could be related to the IEL alteration and concomitant increased MRA stiffness. In fact, increased vessel stiffness has been proposed as one of the possible mechanisms implicated in small artery narrowing in hypertension (10) .
Increased vessel stiffness in hypertension has been generally attributed to increased collagen content. In fact, it is well established that hypertension stimulates collagen production (8, 19, 21-23, 30, 42, 45) . The present data also show that, in resistance arteries, collagen content was higher in SHR, but only in adult rats. Quantitative differences in collagen were not yet present by the first month of life, before high blood pressure development. Total elastin content was also similar between strains in young and in adult rats. Therefore, the increased stiffness observed in resistance arteries from SHR, before hypertension development, is likely to be related to qualitative alterations of elastic fiber distribution, leading to a more compact IEL. This is in agreement with our recent finding that, in small cerebral and mesenteric arteries from normotensive rats, intrinsic wall stiffness correlates better with the size of the fenestrae in the IEL than with total collagen or elastin content (20) . In addition to a more compact IEL, SHR vessels also showed a denser elastic fiber distribution in the adventitial side of the artery. This alteration might also contribute to the elevated intrinsic vascular stiffness in SHR.
Reduced fenestra enlargement in SHR might be related to the observed differences in elastic fiber organization, which might be less susceptible to degradation. We tested this hypothesis with time course experiments with elastase. This enzyme has been shown to induce degradation of elastic fibers in blood vessels (7, 32) . In our previous study (7), we demonstrated that prolonged incubation periods (over 50 min) with elastase eliminated elastic fiber network in the adventitia and merged neighboring fenestrae, disrupting IEL organization both in WKY and SHR. The present time course experiments showed that, during the first 20 min, elastase increased vessel diameter more rapidly in WKY vessels. We, therefore, used short incubation periods with elastase and demonstrate that elastic fibers from SHR show a lower susceptibility to degradation. This was supported by the fact that isolated fibers were still present in the adventitia of SHR, whereas adventitial elastin disappeared completely from WKY vessels. This is likely to be related to the denser organization of fibers in SHR, making them less prone to enzymatic digestion. The presence of more elastin left in SHR after short time digestion was also confirmed by the vascular mechanical behavior. Thus, while SHR MRAs were stiffer than WKY before elastin degradation, after digestion, SHR vessels became less stiff compared with WKY. We, therefore, suggest that the more compact organization of elastic fibers in the vascular wall of SHR makes them less susceptible to degradation than those from WKY.
The differences in susceptibility to digestion by elastase, leading to a more compact IEL and denser adventitial elastic fiber network, might be explained by a higher elastin content in SHR vessels. In favor of this hypothesis is the fact that, in SHR and the stroke-prone strain, augmented elastin content has been reported in large arteries before full establishment of hypertension (3, 15) and even in fetal and neonatal rats (24) . We did not find significant differences in elastic fiber content in resistance arteries between strains, but we cannot discard the existence of small changes below the level of detection with current methodology.
A second possibility is that the lower susceptibility to degradation of SHR elastic fibers is related to differences in amino acid composition. Enzymatic degradation of elastin is influenced by the amino acid residues (35), and differences have been reported between WKY and SHR aortas, with the latter showing a higher proportion of polar amino acids (14, 15, 25, 40) .
Elastic fiber synthesis is complex because of its multiple components, tightly regulated developmental pattern of deposition, and multistep hierarchical assembly. With the exception of several reports on elastin content, elastic fiber biology is largely unknown in WKY and SHR vessels, which makes it difficult to speculate on the possible mechanisms participating in the development of a more compact elastic fiber distribution in SHR arteries. The fact that this defect is observed in both conduit (6, 11, 48) and resistance arteries (7) from SHR and stroke-prone SHR, and, so far, it has not been found in nongenetic models of hypertension (8) , suggests that it might be related to a genetic alteration in a component of the elastic fiber and/or to a protein involved in its assembly or maturation. In this sense, there is evidence linking genetic alterations in several components of elastic fibers, with vascular mechanical abnormalities and hypertension (for review, see Ref.
2). Among others, mutations in tropoelastin (18, 46) , fibulin-5 (53), and fibrillin-1 genes (36) have been linked to large-artery stiffness, sometimes linked with hypertensive phenotype or elevations in pulse pressure. In addition, we have to consider the possibility that alterations in the metabolism of factors that modulate elastic fiber formation could participate in the defect observed in SHR arteries. Among others, abnormal levels of copper (29) , magnesium (41), vitamin D (38), or iron (1) have been linked to cardiovascular diseases.
The present data also demonstrate that the defect in fenestrae enlargement takes place before the development of hypertension in SHR, which occurs in this strain by the third month of life (39) . This alteration seems to be independent of the level of blood pressure, as suggested by the similar percentage of fenestrae enlargement in both strains from the first to the sixth month of life and by our recent findings showing no changes in IEL structure in an experimental model of hypertension induced by chronic administration of ouabain (8) . This defect seems to be generalized in the vasculature of SHR. We have not studied whether it follows the same developmental pattern and whether it modifies vascular mechanical properties of large vessels. If that were the case, an early compromise in large artery compliance might participate in the development of hypertension in this rat model.
Future perspectives.
Since elastic fibers are only actively synthesized during embryonic development and early postnatal years (13, 44) and they are critical for vascular mechanical properties, it has been proposed that defective elastogenesis could be an initiating event in the pathogenesis of essential hypertension (33, 34) . So far, this link is circumstantial and derived from 1) epidemiological studies relating birth size and hypertension development, and 2) abnormal vascular mechanics and hypertension in human diseases related to mutations of elastic fiber molecules. However, abnormalities in elastic fibers have not been thoroughly studied in arteries from patients with essential hypertension. The present study provides evidence that, in SHR, a rat model of the disease, an early abnormality in elastic fibers is associated with increased vascular stiffness. Obviously, the next step would be to determine whether this abnormality also exists in arteries from essential hypertensive patients. If so, polymorphisms of genes related to molecules linked to elastic fiber synthesis or degradation, as well as the effect of current antihypertensive treatment, could be investigated (12, 18) . In addition, it would also be of great value to determine, in animal models, the effect of dietary factors that influence elastogenesis on elastic fiber organization and vascular mechanical properties.
